Spin-orbit (SO) interaction critically influences electron spin dynamics and spin transport in bulk semiconductors and semiconductor microstructures. This interaction couples electron spin to dc and ac electric fields. Spin coupling to ac electric fields allows efficient spin manipulating by the electric component of electromagnetic field through the electric dipole spin resonance (EDSR) mechanism. Usually, it is much more efficient than the magnetic manipulation due to a larger coupling constant and the easier access to spins at a nanometer scale. The dependence of the EDSR intensity on the magnetic field direction allows measuring the relative strengths of the competing SO coupling mechanisms in quantum wells. Spin coupling to an in-plane electric field is much stronger than to a perpendicular field. Because electron bands in microstructures are spin split by SO interaction, electron spin is not conserved and spin transport in them is controlled by a number of competing parameters, hence, it is rather nontrivial. The relation between spin transport, spin currents, and spin populations is critically discussed. Importance of transients and sharp gradients for generating spin magnetization by electric fields and for ballistic spin transport is clarified.
INTRODUCTION
Manipulating electron spins at a given location and transporting electron spins between different locations belong to the central problems of semiconductor spintronics and are of critical importance for quantum computing and information processing [1] [2] [3] [4] . Among the different concepts of spin injection and spin manipulation that are discussed in the current literature, the approaches based on SO coupling acquire growing attention.
Spin orbit interaction couples electron spins to the electrical componentẼ(t) of electromagnetic field. The Hamiltonian in many cases can be presented in a form where r, k, and σ are coordinates, momenta, and Pauli matrices, respectively. Each term of the Hamiltonian including the operators of spatial quantities (r and/or k) and Pauli matrices produces SO interaction. In Eq. (1), the first term H orb (k, σ) symbolizes orbital mechanisms of SO coupling dependent on the electron momentum, while the second term H z (r, σ) symbolizes the Zeeman energy for a system in an inhomogeneous magnetic field or with a spatially dependent g-factor.
In the bulk, orbital mechanisms of SO coupling usually play the major role [5, 6] and result in a strong EDSR [7, 8] dominating over the electron paramagnetic resonance (EPR), the magnetic excitation of spin transitions. However, the spatial dependence of the Zeeman interaction may also play role [6, 9, 10] . Remarkably, electrical operation of electron spins in Al x Ga 1−x As quantum wells has been achieved first through the Zeeman mechanism. Kato et al. [11] took advantage of the anomalously small g-factor of the bulk GaAs, g ≈ −0.4, that allowed them to achieve both the strong anisotropy of the g-tensor and its spatial dependence across an inhomogeneous quantum Rashba well,ĝ =ĝ(z). Meantime, orbital mechanisms of SO coupling are also greatly enhanced in quantum wells as compared with the bulk material because of the lowering the symmetry that results in developing new SO terms in the Hamiltonian. It is shown in Section 2 that these mechanisms should result in a strong EDSR, especially in materials with large g-factors typical of narrow-gap semiconductors [12, 13] . Extraordinary efficiency of an in-plane fieldẼ(t) is one of the basic conclusions of Section 2.
After a number of exciting proposals about using SO coupling for electrical spin injection, it has been already achieved experimentally [14, 15] . This success pushes forward the problem of the propagation of inhomogeneous spin populations, say wave packets [16] , in media with a SO split spectrum [17] . It sounds tempting to apply to this problem a notion of spin currents defined similarly to electric currents. For example, electrical spin injection and spin polarization produced by SO mechanisms and spin transport in such systems have been discussed recently in terms of spin currents driven by ac [18, 19] and dc [20, 21] electric fields. However, this appealing approach meets serious problems. First, in media with SO interaction spin currents are not conserved, hence, there is no rigorous definition of them. Second, there is no experimental procedure for measuring them. Third, these currents do not vanish even in thermal equilibrium when there is no physical spin transport. Fourth, as distinct from electric charges and electric currents that appear in Maxwellian equations explicitly, only the spin magnetization can be included into the total magnetization M in a straightforward way; the place of spin currents in macroscopic physics is still to be unveiled. In addition, the properties of these currents found in Refs. 20 and 21 were quite unexpected and inspired an active discussion. Consensus about this problem has not been achieved yet. There are interesting attempts to find the limits within which the concept of spin currents, however not rigorous, can be applied. The different option is to concentrate on the magnetization, the quantity that can be both rigorously defined theoretically and accessible to experimental control. In Section 3, some of the related problems are discussed.
SPIN DYNAMICS IN QUANTUM WELLS
Quantum wells are usually noncentrosymmetric, and the two-fold spin degeneracy of the electron energy spectrum is lifted by two SO termŝ
H R is due to the structure induced asymmetry (SIA) and is known as Rashba term,Ĥ D is due to the bulk induced asymmetry (BIA) and is known as Dresselhaus term, σ x and σ y are Pauli matrices, andk x andk y are the components of the momentum in a magnetic field B [22] . Because the basic results are similar for H R andĤ D , only equations forĤ R will be presented in what follows. Intensity of EDSR is controlled by the interaction e(r so ·Ẽ(t)), wherer so is a properly defined SO contribution to the coordinate operator. When B is strong enough, SO coupling can be treated as a perturbation, and, for an electron confined in a parabolic quantum well, the matrix elements ofr so between spin-up and spin-down states can be found.
In a perpendicular electric field,Ẽ ẑ, the matrix element of a spin-flip transition is [12]
Here ω 0 is the parabolic confinement frequency, ω c = ω c (θ) and ω s are the cyclotron and spin frequencies, respectively, and θ is the magneticfield polar angle. When both SIA and BIA contribute to ↑ |ẑ so | ↓ , it acquires an azimuth dependence, and the angular dependence of ↑ |ẑ so | ↓ can be used for measuring the ratio α R /α D . With α R 10 −9 eV cm (as typical of InAs quantum wells), ↑ |ẑ so | ↓ is usually considerably larger than the Compton length, λ C = h/m 0 c ≈ 4 × 10 −9 cm, that plays the role of a characteristic length for EPR. Therefore, EDSR is stronger than EPR.
Nevertheless, the matrix element ↑ |ẑ so | ↓ includes a factor ω s /ω 0 that is usually small and reduces the EDSR intensity, ω 2 0 in its denominator indicates that the deviation of the system from the strict 2D limit is the critical condition for EDSR, and it vanishes for θ = 0, i.e., EDSR can be observed only in a tilted field B. Measurements with an in-plane electric field,Ẽ ⊥ẑ, allow one to get rid of all these problems. A matrix element similar to ↑ |ẑ so | ↓ equals [13] 
[(ω c cos θ + ω s ) cos(ϕ − ψ)
where ϕ and ψ are azimuths of B andẼ, respectively. With α R ≈ 10 −9 eV cm, m ≈ 0.05m 0 , and B ≈ 1 T, we arrive to l R as large as ≈10 −5 cm. Then the
